We utilize the anomalous dispersion of planar photonic crystals near the dielectric band edge to control the wavelength-dependent propagation of light. We typically observe an angular swing of up to 10 as the input wavelength is changed from 1290 nm to 1310 nm, which signifies an angular dispersion of 0.5 degree/nm. Such a strong angular dispersion is of the order required for wavelength-division multiplexing systems. This is the first demonstration of the "superprism" effect in a planar configuration with a small lattice.
. However, this angular dispersion is only comparative to that of a conventional grating. The significant difference between Kosaka's and Lin's results is in the physical understanding of the angular dispersion phenomenon. Kosaka et al. recognized the anisotropy in the dispersion relationship and determined the light propagation direction via the group velocity, using wavevector diagrams discussed in detail by Russel [10] . In contrast, Lin et al. assumed isotropic dispersion and ascribed the angular dispersion to the modification of the refractive index. Here, by studying the iso-frequency contours of a semiconductor waveguide PhC in the similar way as that of Kosaka, we succeeded in demonstrating the superprism effect in a planar configuration. The angular dispersion is almost an order of magnitude larger than that estimated by Lin and two orders of magnitude larger than that of conventional prisms. This result reaches a tenth of Kosaka's angular dispersion, obtained in their 3-D "autocloned" system. The main difference between Kosaka's and our results lies at the operating point. Kosaka et al. operated their superprism near the point, which means the vector has a large component perpendicular to the plane of the crystal. This is possible because of the 3-D confinement offered by the autocloned system. In contrast, we have to operate near the symmetry point ( or in the hexagonal case), because the vertical confinement offered by our waveguide is relatively weak, so has to have its main component in the plane of the crystal.
Our system consists of a GaAs-based heterostructure perforated by a triangular PhC lattice. The sample was fabricated by electron-beam lithography and reactive-ion etching [8] . The lattice constant of the hole array is designed as 280 nm and the hole diameter is 190 nm. This ratio between the hole size and the lattice was shown to be successful in previous experiments [8] . The 240-nm-thick GaAs slab has a 200-nm-thick SiO mask on the top and a 2000-nm-thick Ga Al As layer as the lower cladding. The input waveguide, which was chosen to be 10 m wide to avoid strong diffraction at its output and to generate a quasi-parallel input for the superprism, is tilted at 25 from normal to the crystal edge (the incident edge is -). The shape for the crystal area was designed as a semicircle to ensure the light to be transported out straightforward from the crystals. The 10 -m output waveguides designed to pick up the output light are oriented at divisions of 10 from 70 to 70 , which leads to the large space between the crystal area and the output waveguide. Fig. 1 via a cleaved single-mode fiber. A Vidicon camera is used to observe the output facet of the sample. In Fig. 3 , video images of the output facet of the sample are shown at different input wavelengths. The observed images indicate that the light swings from the 30 to the 40 waveguide as the input wavelength is changed from 1290 nm to 1310 nm [ Fig. 3(a) ]. The multiple spots in each waveguide here are due to higher order modes excited in the 10 m wide output waveguides. Note that when the wavelength is between 1295 nm and 1305 nm, there are spots in both the 30 and 40 waveguides. The possible explanation is that the swing of the light in this range is less than 10 and the direction of propagation is somewhere between the 30 and the 40 waveguide, so the signal couples into both waveguides. The transmission from the PhCs is approximately 1% if the output intensity is normalized to that of a blank waveguide.
The physical mechanism behind this effect can be explained with the iso-frequency contours of the photonic band structure. Fig. 4(a) shows the photonic band structure (TE-polarization) for hexagonal lattices calculated by the plane-wave expansion method. The units for the frequency are c/a. The iso-frequency dispersion surfaces at frequencies of 0.214 and 0.217 were then calculated from the band structure in various directions [ Fig. 4(b) ], using a refractive index of 3.10 for the semiconductor host. This index represents the effective index of the waveguide slab and was verified by identifying the photonic band edge in separate transmission measurements. The filling ratio is approximated as 30%, from SEM micrographs. Given an incident wavevector, the propagation direction is obtained through the momentum conservation rule 1 and the concept of the group velocity being normal to the iso-frequency contours [10] . Note that, near the bandgap, the propagation direction will be changed acutely even if there is just a very small variation of the incident angle [ Fig. 4(b) ]. Furthermore, given a very small change for the input wavelength (frequency in the wavevector diagram), the shape of the iso-frequency curves experiences a large alteration. In Fig. 4(b) , when the frequency is altered from 0.214 to 0.217, which corresponds to a wavelength change from 1310 nm to 1290 nm, the shape of the iso-frequency contour varies from a quasihexagram to a quasi-triangle.
In order to explain our results, we proceeded as follows. The incident light is oriented along the horizontal direction. The Brillouin zone of the crystal is rotated in order to reflect the angle of incidence and represents the geometry shown in Fig. 1 . Using the construction line method described above, we should then be able to find the directions of the output light from the intersections with the iso-frequency contours. Unfortunately, this was not straightforward and did not yield success immediately. Even when accounting for a reasonable experimental error in all parameters involved, we could not explain the observed angular dispersion from the simple model. We then remeasured the waveguides and found that the results depended, in part, on the alignment between the input fiber and the 10 -m semiconductor waveguide that feeds into the superprism. This is emphasized in Fig. 3(b) , which shows a higher angular dispersion when the input fiber is tilted slightly. This gave us the critical clue: the input waveguide has a few imperfections on it, which may favor a few specific higher order modes. Higher order modes can be understood to propagate along a zigzag path and therefore do not enter the crystal at the normal angle. By scanning through the different possible angles, we then found that a propagation angle of the waveguided light of 23 to the normal yields the observed swing from 30 to 40 in the superprism described (a) (b) Fig. 3 . Vidicon photographs for the output light spots at different wavelengths. The multiple spots in each waveguide are due to their multimoded-ness. (a) The input waveguide matches well with the fiber (see the top of the picture). We can see that the light swings from the 30 to the 40 waveguide as the input wavelength is changed from 1290 to 1310 nm. (b) Sample is rotated by about 8 degrees with respect to the cleaved facet. The same swing is observed for a smaller change in wavelength, i.e., from 1300 to 1305 nm. This can be explained with a steeper input angle than that shown in Fig. 4(b) , and a projection onto the more dispersive part of the equi-frequency contour.
(a) (b) Fig. 4 . (a) Photonic band structure (TE-polarized) for the PhCs used in this demonstration. A plane-wave expansion method was used. The dashed horizontal line corresponds to one of the frequencies we used in the experiment. (b) The iso-frequency contours for the first band (TE-polarized). The method used to derive the propagation direction is as follows: given the incident angle, the propagation wavevector is obtained by the momentum conservation rule. The propagation direction is then determined as being normal to the dispersion surface at the end point of the propagation wavevector. The solid lines are the equi-frequency contours for the PhCs and the dashed lines represent the uniform semiconductor waveguides. The iso-frequency contours were rotated by 25 to match with the experiment situation, where the incident edge 0-M is tilted at 25 from the vertical direction ( Fig. 1 ). From this picture, it can be seen that, when the wavelength is altered by 20 nm (the frequency changes from 0.217 to 0.214), the propagation direction swings by 10 (from A to B) assuming the input mode is incident at 023 to the direction of the waveguide.
above. Considering the size (10 m) and refractive index contrast ( 3 : 1) of the waveguide, a zigzag path of 23 does not appear unreasonable and is well within the range allowed by total internal reflection. By adjusting the model, and assuming that the incident light was at 23 to the waveguide normal, we were able to explain our observation after all. In Fig. 4(b) , assuming the input mode is incident at 23 , it impinges on the superprism as shown and yields output angles of 30 and 40 for the frequencies corresponding to the wavelengths 1290 and 1310 nm. We wish to emphasize that the above explanation contains an assumption concerning waveguide mode propagation that we cannot prove conclusively. Assuming zigzag-like propagation of the mode in the ridge waveguide that feeds into the superprism is the only explanation, however, that allows us to project the input wavevector onto the high-dispersion part of the iso-frequency contour, thus explaining our experimental result. Furthermore, this assumption does not detract from the exciting observation of high angular dispersion in a planar superprism. Also, it highlights the fact that the properties of the access waveguide must be taken into account.
Finally, the 10 light swing for the change of wavelength from 1290 nm to 1310 nm corresponds to a 0.3 light swing when the wavelength is changed from 1550 nm to 1550.8 nm (ITU grid for 100-GHz separation). To project the possible performance of the superprism in a WDM system, we extrapolated our result as follows. For a separation of the output waveguides of 3 m, the device would have to be 500 m long. Assuming the beam was collimated, it could be coupled into PhC waveguides separated by 3 m and such waveguides would have a typical crosstalk of approximately 30 dB. Therefore, the angular dispersion of 0.5-degree/nm observed in our superprism is of the order required for WDM systems. Furthermore, being realized in a 2-D structure, this superprism is easily combined with other planar optical components such as ridge waveguides, 60 bends and Y couplers, which makes it attractive for applications in ultracompact photonic integrated circuits. Currently, we are improving the design of the input and output waveguides to avoid the observed multimoded character and optimizing superprism parameters to increase the wavelength range over which strong dispersion is observed.
To summarize, the anomalous dispersion near the PhC band edge was utilized to control the wavelength-dependent propagation in a planar 2-D photonic lattice. Strong angular dispersion of up to 0.5-degree/nm was obtained, but only over a relatively small wavelength range and with compromised beam quality, both of which we are currently addressing. Furthermore, we highlighted the fact that taking the properties of the access waveguide into account is critical, i.e., one cannot simply assume equivalence between the plane wave and waveguide modes. Overall, we consider this first demonstration of the superprism effect in a planar configuration as a major step toward the realization of ultracompact photonic integrated circuits.
